Abstract: Although agonists and antagonists occupy the same space in opioid receptors the agonists only are able to evoke their activation and different agonists may lead to different conformational states of the receptor. Agonist binding is the first step in ligand-induced receptor activation which proceeds through series of conformational changes. To investigate the relationship between the final movements of a ligand in a receptor binding site and the first steps of the activation process in OR and OR opioid receptors we chose a set of rigid ligands with the structural motif of tyramine. On the basis of conducted molecular dynamics simulations we propose that, similarly as in the case of μOR [Kolinski and Filipek, TOSBJ 2008], agonists and antagonists bind to Y3.33 but only agonists are able to move deeper into the receptor binding site and to reach H6.52. The movement from Y3.33 to H6.52 induces breaking of the TM3-TM7 connection ("3-7 lock"). However, conversely to morphine (previous paper) butorphanol did not induce breaking of this connection in a single movement but instead a time of about 20 ns was required and this process was composed of a series of separation and joining events. We also observed a concerted motion of W6.48 and H6.52 suggesting existence of an extended "rotamer toggle switch". Simultaneous action of both switches, the "3-7 lock" and the "rotamer toggle switch", implies a temporal but also spatial (an agonist linking H6.52 and D3.32) dependence between them.
INTRODUCTION
G protein coupled receptors (GPCRs) interact with very diverse sets of ligands which bind to the transmembrane segments and sometimes also to the receptor extracellular domains. Each receptor subfamily undergoes a series of conformational rearrangements leading to the binding of a G protein during the activation process. All GPCRs preserved the 7-TM scaffold during evolution but adapted it to different sets of ligands by structure customization. Binding of structurally different agonists requires the disruption of distinct intramolecular interactions, leading to different receptor conformations and differential effects on downstream signaling proteins. The dynamic character of GPCRs is likely to be essential for their physiological functions, and a better understanding of this molecular plasticity could be important for drug discovery [1, 2] .
Experiments suggest that agonist binding and receptor activation occur through a series of conformational intermediates. Transition between these intermediate states involves the disruption of intramolecular interactions that stabilize the basal state of a receptor. Such profound changes are evoked by the action of molecular switches. The switches proposed so far for different GPCRs include the "rotamer toggle *Address correspondence to this author at the International Institute of Molecular and Cell Biology, 4 Trojdena St, 02-109 Warsaw, Poland; Tel: 5970-722; Fax: 5970-715; E-mail: sfilipek@iimcb.gov.pl switch" involving the CWxPxF sequence on TM6 [3] , the switch based on the NPxxY(x) (5, 6) F sequence linking TM7 and H8 [4] , the "3-7 lock" interaction connecting TM3 and TM7 (involving Schiff base-counterion interaction in rhodopsin) [5, 6] , and the "ionic lock" linking transmembrane helices TM3 and TM6 and employing the E/DRY motif on TM3. In the rhodopsin structure all these switches are closed (inactive state), however, in the recent crystal structures of 1 -and 2 -adrenergic receptor complexes with antagonists and inverse agonists the "ionic lock" is open while the "rotamer toggle switch" remains closed. To explain this effect it has been proposed [7] that such configuration of switches allows for -arrestin signaling independent of a G protein [8, 9] . The same configuration of switches was found in a newly crystallized adenosine A 2a receptor (A 2a R).
The first crystallized GPCR was rhodopsin in 2000 [10] . Several years later, owing to the progress in crystallization techniques, new crystal structures emerged, namely those of 1 -and 2 -adrenergic receptors ( 1 AR [11] and 2 AR [12] [13] [14] ) and of adenosine receptor (A 2a R [15] ). All these receptors belong to the same family of GPCRs (family A: Rhodopsin-like, and also Rhodopsin group in the GRAFS classification system based on phylogenetic studies [16] ) and their structures are very similar in the transmembrane region. The opioid receptors also belong to the same family of GPCRs [17] . They are located in the membrane of neurons of the central nervous system and of some types of smooth muscle cells. For the important role they play in the human body in controling pain and stress, modulating immune responses and developing addiction the opioid receptors were subject of numerous investigations (reviews [18] [19] [20] ). There are four types of opioid receptors: μOR, OR, OR and the nociceptin/opioid receptor-like 1. There are also additional, pharmacologically classified, subtypes of opioid receptors but it is believed that they may, at least partly, originate from homodimerization of the four main opioid receptor types and their heterodimerization with other GPCRs [21] . Like many other GPCRs opioid receptors undergo dimerization and may be engaged in cross-signaling as shown recently for the 2A -AR and OR heterodimer [22] as well as for OR-OR [23, 24] . Knowledge of the structural details of receptor activation is absolutely necessary in order to design new drugs with precise action and negligible side effects.
Theoretical methods, including homology modeling and molecular dynamics (MD) simulations, can help to derive 3-dimensional models of opioid receptors for elucidation of activation processes and also for usage in structure-based drug design [25, 26] . Pharmacophores of several opioid ligands are presented in a review [20] in an effort to classify the structural requirements for ligand binding and selectivity. Modeling studies of OR and OR were reported in several papers. Iadanza et al. [27] docked a synthetic ligand to OR with subsequent MD using an earlier model of the opioid receptor binding site [28] . Aburi et al. [29] built a model and simulated in the membrane the unliganded human OR. Pogozheva et al. [30] reviewed homology modeling attempts using experimental constraints to build three types of opioid receptors based on the rhodopsin template with subsequent docking of agonists and antagonists. However, no simulations were performed to investigate coupling of ligand movements in a receptor-binding site with an activation pathway.
In our previous paper we investigated structural changes of OR occurring upon ligand binding in the binding pocket and associated them with the early activation steps in this receptor [31] . It was found that both agonists and antagonists entered the crevice between positions 3.33 and 6.52 (numbers according to Ballesteros-Weinstein numbering scheme [32] ) but antagonists tended to bind to Y3.33 whereas agonists to H6.52. During the molecular dynamics simulation it was possible to observe a break of a hydrogen bond D3.32-Y7.43 linking TM3 and TM7 ("3-7 lock") in complexes with agonists and also in the complex with a restrained antagonist, naltrexone, forced to act as an agonist. To confirm earlier results and to find possible differences in the activation process evoked by a larger agonist butorphanol (compared to morphine described in our previous paper) we performed a study in two other opioid receptors, OR and OR. As before we used structurally similar and mostly rigid nonpeptide ligands. They are built on a tyramine (phydroxyphenethylamine) scaffold so the two parts, the "message" (tyramine) and the "address" [33] , are well distinguished. Peptide or peptide-derived ligands were not used because their flexibility would obscure the very first structural movements induced upon ligand binding, provided the activation scheme is similar. Similarly to earlier results a time dependence between the action of the"3-7 lock" and the "rotamer toggle switch" was also observed.
METHODS

Modeling Unliganded Opioid Receptors and Simulating in the Membrane
Modeling the structure of OR and OR opioid receptors was done on the basis of the crystal structure of inactive rhodopsin with no gaps (Protein Data Bank code 1U19) [34] and also on the basis of the structure of 2 -adrenergic receptor (Protein Data Bank code 2RH1) [12] . The amino acid sequences of human opioid receptors were obtained from the Swiss-Prot database (codes: P41143 and P41145 for OR and OR, respectively). The Clustal W algorithm [35] was employed for aligning the multiple sequences and the resulting alignment is shown in Fig. (1) in the supporting material. The most conserved residues as well as the conserved motifs of GPCRs: E/DRY, CWxPxF and NPxxY(x) were aligned in all transmembrane helices. There is, however, a discrepancy in the aligning of the loop between TM4 and TM5 (ECL2). The automatic alignment prefers narrower gaps and in both adrenergic receptors and A 2a R it aligns cysteine residues not corresponding to those forming the disulfide bridge in rhodopsin. Such incorrect alignment was shown in a recent paper [36] , however, the results were not affected because this alignment was done for comparison purposes only. These cysteines are engaged in formation of other disulfide bridges (two of them are marked in adrenergic receptors in Fig. (1) in the supporting material). For this reason homology modeling was done using a manually corrected alignment (as in our earlier paper [31] ). The cysteine residues forming a connection in the same position as in the rhodopsin structure are marked in red.
Homology modeling was done employing Modeller [37, 38] and using rhodopsin and 2 AR structures as templates. Since the N-termini of 2 AR and 1 AR are not detected in the crystal these parts were not modeled when the 2 AR structure was used as a template. In both opioid receptor models the palmitoyl chain was added to cysteine at the end of the cytoplasmic helix H8 (positions 333 and 345 for OR and OR, respectively). Then, each receptor model was inserted into the lipid bilayer composed of DPPC (dipalmitoyl-phosphatidylcholine). The membrane containing 128 phospholipids (64 in each layer) was surrounded by water molecules in a periodic box (6.4 nm x 6.4 nm x 9.5 nm). Excessive lipid molecules were removed and counterions were added to make the whole system neutral. Before inserting the receptor the membrane was equilibrated for 20 ns. Details of building the receptor models and the membrane are the same as described previously in [31] . All minimizations and simulations were performed using Gromacs (v. 3.3) [39] . A standard ffgmx forcefield with additional parameters for lipids [40] and water SPC [41] was used for more accurate treatment of hydrogen bonds. The PME procedure [42] was applied for treatment of the longrange electrostatic interactions. After energy minimization of the receptor-membrane system the three step simulations were performed. During the first step, lasting 1 ns, all backbone atoms were restrained to their initial positions, hydrogen bonds were also restrained using the LINCS algorithm [43] . In the second step (2 ns) restraints were removed from both termini and from all loops of the receptors. In the third step (lasting 20 ns) all restraints were released. For checking the quality of obtained models the Procheck program [44, 45] was used.
Modeling of Ligand-Receptor Complexes
The "ionic lock" in the 2 AR structure is in an open state (similarly as in 1 AR and A 2a R) what may suggest that the structure is activated to some extent or, alternatively, that it takes part in another type of signaling independent of a G protein. Since we studied the initial movements in the receptor-binding site and none of the analyzed ligands signal via arrestin the opioid receptor models based on the rhodopsin template were used for ligand docking. The ligands were constructed in their protonated-nitrogen forms. The RESP method [46] was applied for calculation of ligand atomic charges. First, the geometry of small molecules was optimized to determine the stable minimum and the Molecular Electrostatic Potential (MEP) was calculated using the Hartree-Fock procedure employing the 6-31G* basis set in Gaussian (v.03 rev. C.02 Gaussian Inc.). Then the RESP program was used for fitting atom-centered charges according to the MEP of modeled ligands. The ligands were inserted in the middle of the binding pocket to preserve the interaction between D3.32 and the protonated amine nitrogen atom present in all ligands. Phenolic OH groups of all analyzed antagonists were initially positioned in the space between TM3 and TM6 so as not to force any specific location and to meet spatial requirements of other parts of the ligand (especially the bulky "address" part). In order to sample different possibilities of binding in the binding cavity of the receptor all created complexes were subjected to the simulated annealing procedure in Yasara (v.8.2, Yasara Biosciences) with the Yamber2 forcefield [47] at the temperature diminishing from 900 K to 0 K whereas the length of the cycle was variable. During this procedure the ligand and the side chains of amino acids within 1.0 nm vicinity were allowed to move. The simulated annealing procedure was restarted several times with the initial positions of ligands in the binding site modified manually while preserving the salt bridge between the charged amine group of a ligand and the carboxyl group of D3.32. The optimized complexes were inserted into the DPPC membrane (taken from 20 ns simulations of empty opioid receptor) and subjected to MD simulations. In the first 100 ps simulation the restraints were imposed on the transmembrane (TM) part of the backbone of each receptor. In the second step of MD, lasting 10 ns, all restraints were removed. To check the binding modes for a true agonist we performed the same procedure of docking for butorphanol. In this case, because of a longer time required for breaking the "3-7 lock", we extended the last part of MD simulation (without restraints) up to 21 ns.
The Modeller and Clustal W programs were used within the Discovery Studio (Accelrys Inc., v.2.0). Animations (in the supporting material) were created in VMD [48] . 
RESULTS AND DISCUSSION
Characterization of Obtained Receptor Models
Using homology modeling procedure based on rhodopsin (Rh) and 2 AR structural templates we constructed two models of each opioid receptor -OR and OR. Their structures, after 20 ns of molecular dynamics, are shown in Fig. (1) . The bundle of seven transmembrane helices and an additional amphiphilic helix H8 are present in all models. The characteristic bends on TM6 and TM7 preserving the shape of these helices are still present and are located in the same positions as in the templates. However, helix TM7 is one turn longer in OR and OR models based on the 2 AR template than in receptors modeled after the Rh template. The first turn of the extracellular end of TM7 in Rh is slightly distorted in the rhodopsin crystal structure (PDB id 1U19) and during MD of opioid receptor models it unwinds and contributes to the ECL3 loop. The overall shape and bends are also preserved in TM2. Helices TM3 and TM4 are straight both in templates and in opioid receptor models. An interesting case is TM5. There is no bend on this transmembrane helix in the rhodopsin structure and only one bend in 1 -and 2 AR. However, in OR models based on each of these templates there are two bends on this helix ( Fig. 1a and Fig. 1c) , whereas there is only one such bend on TM5 in OR models regardless of the template (Fig. 1b and  Fig. 1d) . The extracellular end of TM1 is bent toward the center of the protein in the Rh template but it is directed outward (via a smooth kink or arch) in both adrenergic receptors. The kink in the middle of TM1 present in Rh disappeared in OR and OR models based on the Rh template (there is a kink on this helix in OR but very close to the extracellular surface and in fact it is composed of amino acids belonging mostly to the N-terminus). The outward smooth kink on TM1 in OR and OR models based on the 2 AR template corresponds to the kink in the template and it is even more bent due to extensive contact between the end of this helix and the charged part of the bilayer (N-terminus was not constructed in these models so it did not stabilize the position of the extracellular end of this helix).
The RMSD plots for the unconstrained 20 ns of MD simulation calculated for all receptors are shown in Fig (2) . The values for all opioid receptor models stabilized in a 0.20-0.25 nm range starting from 14 ns of the simulation attesting to model stability. 20 ns MD simulation was able to reveal characteristic features of the transmembrane part of both opioid receptors which are either absent in the respective templates or present in only one of them (bends of TM5). The resemblance of structures based on different templates may be due to the influence of phospholipids since they are very flexible and force the transmembrane bundle of helices to pack according to their sequences. The similarity of structures is also partially achieved for the longest extracellular loop linking TM4 and TM5 (ECL2) in both OR models. There is no secondary structure of this loop in models based on either template (Fig. 1a and Fig. 1c) . The helix present in the initial structure of the 2 AR template lost its 2D arrangement and moved toward the binding cavity of the receptor. The -sheet in ECL2 of the Rh template also lost its secondary structure but this loop remained in nearly the same position as in the template. Similarly, the ECL2 loop of A 2a R receptor does not exhibit 2D structure elements either. On the other hand, in both OR models the secondary elements were preserved ( -sheet in Rh and a helix in 2 AR). Changing the secondary structure and position of ECL2 requires large simulation time scale and, therefore, was not completed during 20 ns of MD in any of the models although in some cases the extracellular and cytoplasmic caps were markedly different from the initial structures. The N-and C-termini were retained in opioid receptor structures based on the rhodopsin template to preserve structure integrity. Since they did not affect ligand binding such procedure was fully justified for this kind of investigations.
Binding Modes of Opioid Receptor Ligands
In order to explore the effect of ligand binding on the structure of opioid receptors we used typical ligands of OR and OR: naltrexone (NTX -nonselective antagonist), naltrindole (NTI -OR selective antagonist), norbinaltorphimine (norBNI -OR selective antagonist) and butorphanol ( OR selective agonist) (Fig. 3) . All ligands were analogs of morphine with an identical structural motif of tyramine which is present in most of the nonpeptide opioids. To study the final movements of the ligand in the binding site and the concurrent activation steps of opioid receptors it was necessary to use opioid receptor models based on the crystal structure of an inactive receptor. In this respect the configuration of switches in crystallized 1 AR, 2 AR and A 2a R Fig. (2) . The root mean square displacement (RMSD) plots for unconstrained MD simulations of unliganded opioid receptor models: OR on Rh template in dark green, OR on Rh template in light green, OR on 2 AR template in red; and OR on 2 AR template in orange.
suggests that some activation steps (or other rearrangements evoked by the inverse agonist bound) have already been completed. Based on virtual screening results [36] and also on data from a long MD simulation of 2 AR [49] it was postulated that docking of agonists e.g. epinephrine (which is smaller than the ligand in the crystal structure) requires changes in the positions of transmembrane helices resulting in the shrinkage of the binding site. There is also another hypothesis that crystal structures of adrenergic receptors are prepared for arrestin signaling, especially that the G protein binding site is blocked by interaction of ICL2 (loop between TM3 and TM4) with the DRY motif on TM3 [7] . In opioid receptors the agonists and antagonists are frequently of the same shape (especially the "message" part" which is responsible for the activation of the receptor). Due to all these reservations concerning crystallized adrenergic receptors structures for all subsequent investigations we used models of opioid receptors based on the rhodopsin structure.
The ligands were manually inserted into the binding pocket of the receptor close to the carboxyl group of D3.32 to set an interaction with the protonated nitrogen atom (N 17 ) in the tyramine structure. This ionic interaction is known to exist in the case of all amine ligands of opioid receptors. The phenolic OH group of all analyzed ligands was initially placed in the space between TM3 and TM6 and the ligands together with adjacent amino acids were subjected to simulated annealing procedure. This initiated a gradual adjustment between a ligand and a receptor resulting in an induced fit of both structures. Especially the ECL2 loop was gradually changing its structure in both models (mostly moving toward the extracellular side of the protein) when antagonists NTI or norBNI were docked. Therefore, the second aim of the simulated annealing procedure was to find a more suitable position of this loop. Clustering of the final ligand positions revealed two distinct binding modes for the ligands. In most cases the ligands established a hydrogen bond with Y3.33 but there were also some ligands (agonist butorphanol and to some extent also the unselective antagonist NTX) positioning themselves close to and interacting with H6.52. The final binding positions of all ligands were found between three transmembrane helices TM3, TM6 and TM7.
Binding of Antagonists
The location of selective antagonists, NTI and norBNI, in the binding pocket of the receptor is shown in Fig. (4a) and Fig. (4b) . The charged amine group of the ligand interacts with D3.32 and the phenolic OH group is bound to the OH group of Y3.33. The second OH group (C 14 ), present in all analyzed ligands, forms a hydrogen bond with the carboxyl group of D3.32. The aromatic ring of NTI in the "address" part is hidden in a hydrophobic pocket flanked by amino acids located at the extracellular ends of TM6 and TM7 and also by the second extracellular loop (ECL2). NorBNI was the biggest of analyzed ligands and the only one possessing two protonated nitrogen atoms. N 17 interacts with D3.32 and N 17' with E6.58 (present only in OR which makes this compound highly selective for OR). The unselective antagonist, naltrexone (NTX), is also stably bound to OR and OR in the same mode as the selective antagonists, i.e. the amine group of NTX is bound to D3.32 and the phenolic OH group to Y3.33. NTX does not contain the "address" part so it does not bind to the extracellular loops of the receptor which are regarded as determinants of ligand selectivity. All hydrogen bonds in the amino acids surrounding the ligand were preserved during 10 ns simulations for all analyzed complexes of antagonists. During the simulated annealing procedure NTX was seldom found close to another residue, H6.52, but it could be a result of an increased temperature and higher fluctuations. NTX moved back to Y3.33 when temperature was diminished. The selective antagonists, 
Binding of an Agonist -Butorphanol
During the preliminary simulated annealing procedure butorphanol formed a hydrogen bond between its phenolic OH group and H6.52 (contrary to antagonists which interacted with Y3.33) for most of the time. The same behavior Fig. (4) . The structure of the binding pocket of (a) NTI-OR complex, and (b) norBNI-OR. View from the extracellular side. Phenolic rings of both ligands are filled. was observed by us in the case of agonists (morphine and Nmethyl-morphine) studied in μOR [31] . To investigate the influence of butorphanol on the receptor structure the MD simulation was performed starting from the structure established after the simulated annealing procedure. The most distinctive part of butorphanol structure is a cyclobutane ring which is located, as are the cyclopropane rings of other studied compounds, close to residues D3.32 and Y7.43 (which form a hydrogen bond linking transmembrane helices TM3 and TM7) and to tryptophan W6. 48 . This location is between helices TM3, TM6 and TM7 directly in the center of a receptor. Similarly to the action of agonists of μOR we expected to see breaking of the D3.32-Y7.43 hydrogen bond ("3-7 lock"), what in fact happened (Fig. 5a and Fig. 5b) . In the case of morphine this break occurred in a single event at 1.5 ns of MD simulation but for N-methyl-morphine the bond was initially broken at 0.5 ns but after 4 ns it started to recover and the "3-7 lock" was flickering [31] . Therefore, we decided to perform longer MD simulation which was extended up to 21 ns (Fig. 5b) . Several distances were monitored during the simulation including the "3-7 lock" and distances between a ligand and key residues of the receptor, D3.32, Y3.33 and H6.52. During the whole simulation the phenolic group of butorphanol was firmly bound to H6.52 but the D3.32-Y7.43 hydrogen bond was flickering and the "3-7 lock" broke definitively after 18 ns of the simulation. A more bulky substituent (cyclobutane ring), which was located very close to the D3.32 and Y7.43 residues did not seem to contribute to the disruption of the hydrogen bond between them, so the hydrophobic entity in this location, present in nearly all antagonists based on tyramine, in fact stabilizes the structure of the receptor. However, the lack of two oxygen atoms (in comparison to NTX) makes this ligand more hydrophobic and movable enabling it to form a bond with H6.52 located deeper in the receptor structure. A fragment of MD simulation of the butorphanol-OR complex illustrating breaking of the "3-7 lock" is shown in the supporting material (Animation 5).
Binding of an Antagonist, NTX, Restrained to Bind in Agonist Mode
To check the possibility that formation of a bond with H6.52 (accompanied by a rotation of a ligand toward a receptor center) is responsible for the break of the "3-7 lock" we performed restrained MD simulations of NTX. Only this antagonist was used to study the forced binding to opioid receptors since, contrary to selective antagonists, it has no "address" part so its motion in the binding site is not hindered by distant parts of the receptor. A harmonic restraint (weak distance restraint 0.2 nm -the same distance was found in the morphine-OR complex [31] ) was imposed on the hydrogen bond between H6.52 and the phenolic OH group of NTX. The initial position of NTX was taken from the final stage of the unrestrained MD simulation of this ligand in a respective receptor so NTX was initially bound to Y3.33. Stable positions of NTX, unrestrained and restrained superimposed, in complex with OR are shown in Fig. (6a) and Fig. (6b) . Their corresponding MD simulations are shown in Fig. (7a) (unrestrained) and Fig. (7b) (restrained) . Accordingly, the structures of NTX-OR are shown in Fig.  (8a) and Fig. (8b) and their MD simulations in Fig. (9a) and Fig. (9b) .
The hydrogen bond between the phenolic hydroxyl group of NTX and Y3.33 was stable in both unrestrained simulations. There is an initial instability of the ligand in OR during the unrestrained simulation (associated with a movement of the ligand between Y3.33 and H6.62) but the NTX(C 3 OH)-Y3.33 hydrogen bond stabilized after 3.5 ns (Fig. 7a) . However, this interaction was lost very shortly after the restrained simulation started (Fig. 7a and Fig. 7b for OR, and Fig. 9a and Fig. 9b for OR) . Ionic interaction of the charged amine of NTX with D3.32 was stable in all simulations. Although a new hydrogen bond between the phenolic hydroxyl group of NTX and H6.52 was created very rapidly (along the break of an interaction with Y3.33) in both restrained simulations, the "3-7 lock" broke after 100 ps -200 ps in both complexes. The structure stabilized after about 600 ps for OR (Fig. 7b) but only after about 6 ns for OR (Fig. 9b) . There was a temporary restoration of the "3-7 lock" at 6 ns of simulation of the NTX(restr.)-OR complex but it was immediately broken. Such instability was probably evoked by a change in the position of Y3.33 as indicated by a change in the NTX-Y3.33 distance (Fig. 9b) . Fragments of MD simulations of unrestrained and restrained NTX-OR and NTX-OR complexes are shown in the supporting material (Animations 6-7, respectively).
Coupling of a Ligand Motion with Disruption of the "3-7 lock"
Based on different positions of antagonists (bound to TM3) and agonists (bound to TM6 with their phenolic OH group) one can propose the hypothesis about finishing movements of the analyzed ligands in the binding site. Both agonists and antagonists bind to Y3.33 but only agonists (here butorphanol and the restrained NTX mimicking an agonist) are able to rotate and reach H6.52 which is located deeper. However, to validate this hypothesis more agonists have to be investigated. During this movement both Y3.33 and H6.52 may form hydrogen bonds with the phenolic OH group of an agonist. As a result of this movement the hydrogen bond D3.32-Y7.43 gets broken. Such sequence of events is consistent with the experimental results of Befort et al. [50] showing that mutations Y3.33F and Y3.33A reduce binding affinities of antagonists as well as agonists. The agonist may rotate around D3.32 (a position of D3.32 remains the same during rotation of NTX in the binding sitesee Fig. (6a) and Fig. (8a) ) and at the same time penetrates deeper into the receptor structure (Fig. 6b and Fig. 8b) . The large N-moiety of NTX and other antagonists is rotatable so the resulting conformational space of this substituent is rather large, but it did not facilitate breaking of the D3.32-Y7.43 connection. This is possibly due to favorable interactions of this part of the ligand with adjacent hydrophobic residues such as M3.36 and W6.48. An additional residue, G7.42, is also located very close to the ligand's N-moiety. A small residue in this position is conserved in opioid receptors and other types of GPCRs. It may help to accommodate relatively large parts of ligands and in this way may protect the "3-7 lock" from breaking. Thus, only the movement of a ligand more deeply into the binding site (from Y3.33 to H6.52 in opioid receptors) can activate this switch.
A nanosecond timescale used in conducted simulations (maximally 21 ns for a single simulation) is small compared to the activation time of the receptor (which requires milliseconds for full activation). However, we investigated only the action of specific switches and the ligands were already located in the binding site so the usage of such timescale is justified. According to Yan et al. [51] metarhodopsin II (form of rhodopsin able to activate transducin) is formed within miliseconds, however, the preceding intermediates require a shorter time to form: metarhodopsin I -about 10 μs, lumirhodopsin -about 150 ns, and bathorodopsin about 200 fs only (time of isomerization of retinal). Analogical intermediates, with an additional effect on ligand binding rather than isomerization, are expected to exist for other GPCRs. Changes in protein structure involving large structural rearrangements are slow but the individual motions, especially those involving breaking of single bonds or a conformational change of a single amino acid (such motions constitute action of switches) are rather fast and can be effectively investigated by molecular dynamics simulations even in a nanosecond timescale. The action of switches are then followed by large and much slower rearrangements of protein structure.
Action of the Rotamer Toggle Switch and Time Dependence between Two Switches
It was proposed [3, 52] during MD simulation with no constraints of unliganded adenosine A 3 receptor (activation of this switch lasted about one nanosecond) as well as of its complex with an agonist (rotamer changed after about 2 ns and the switch continued to be activated) [54] . For the cannabinoid CB 1 receptor another type of rotamer toggle switch composed of W6.48 and located opposite F3.36 (which has an aromatic stacking interaction with W6.48) was proposed [55] .
During simulation of the butorphanol-OR complex we observed a concerted motion of residues W6.48 and H6.52. The 1 and 2 angles of both residues were measured and they are shown in Fig. (10) . There is a sudden change of both torsional angles of W6.48 after about 3.5 ns of simulation and a subsequent slower conformational change of H6.52. This histidine residue is bound to the phenolic OH group of butorphanol during the whole simulation so the change of its conformation initiated by the tryptophan residue is hampered by the ligand. Eventually the rotamer of H6.52 is changed but at a slower rate. W6.48 changes its conformation in less than 2 ps (frequency of coordinates saving) and H6.52 in about 500 ps. This is the first observation of a concerted motion of W6.48 and H6.52 in opioid receptors. Analogously to the CWxPxF rotamer toggle switch in 2 AR one can identify the CWxPxH switch in opioid receptors so that a similar activation scheme may be envisaged for agonists in both receptors. The action of the rotamer toggle switch occurred after the "3-7 lock" was broken and stayed in this position for about 1.5 ns (Fig. 5b) . This observation is very similar to that made by us for the complex of OR [31] . The action of the rotamer toggle switch occurred after the same time (1.5 ns) following the break of the "3-7 lock" in the NTX(restr.)-OR complex. Therefore, one can propose a kind of time dependence or interdependence between these two switches in opioid receptors. The break of the "3-7 lock" is affecting the conformation of the nearby located ligand. Then, after rearrangement of the ligand structure (what requires some time -1.5 ns in this case), the ligand starts to exert a steric pressure on W6.48 or H6.52 initiating a joint rotameric change of both these residues. Because a change of W6.48 conformation occurs earlier than that of H6.52 ( Fig.  10) then probably the tryptophan residue initiates toggling this switch despite a direct binding of H6.52 to the agonist.
We did not observe any rotameric change of W6.48 during simulations of other complexes of OR and OR possibly because of using the simulated annealing procedure prior to MD simulations. Therefore, the initial states of the complexes were dissimilar. Observing the actions of both switches in one simulation requires an appropriate initial state of the complex and much longer MD simulations. We did not observe a conformational change of F6.44 which is conserved in all aligned sequences (Fig. 1 in the supporting  material) of GPCRs. Although it is tempting to presume that this residue might be a part of a toggle switch also in opioid receptors (it forms a line with W6.48 and H6.52) additional data are required to explore this possibility.
Influence of Ligands on a Signaling Pathway of the Receptor
Results obtained from simulations with the restrained NTX(C 3 OH)-H6.52 bond strengthen our earlier hypothesis [31] that such docking mode (to H6.52) is correct for the analyzed agonists (based on tyramine structure) but not for antagonists and that such binding mode can alter the inactive conformation of the receptor and lead to the subsequent steps of receptor activation. It was found [56, 57] that mutation of the key residue H6.52 to glutamine or asparagine converts antagonists and inverse agonists (with structure based on tyramine scaffold) into agonists of OR. The flexible side chains of glutamine and asparagine may weaken the hydrogen bond between antagonist's phenolic OH group and Y3.33 and induce a movement of the ligand toward the mutated amino acid. This finally leads to disruption of the D3.32-Y7.43 hydrogen bond and possibly allows for subsequent activation steps.
Receptor signaling via activation of a G protein requires the "ionic lock" to be in an open state as it was found in structures of the recently crystallized opsin [58] and also in the complex of opsin with the C-terminal fragment of the G subunit [59] . In these structures TM6 is moved out of the center of rhodopsin to form a binding site for a G protein (transducin). This switch is also open in structures of other crystallized GPCRs: 1 AR, 2 AR and A 2a R, but helix TM6 is not displaced to such an extent as in opsin. There is a distinct difference between rhodopsin and other crystallized GPCRs in position of the cytoplasmic loop ICL2, which is exposed outside of the transmembrane bundle in the rhodopsin structure but located inside in other receptors possibly blocking the binding of a G protein. It may suggest that the crystal structures of 1 AR, 2 AR and A 2a R are already activated to some extent. Additionally, it has also been proposed for 2 AR [7] that such altered structure allows for signaling via arrestin. The tyrosine residue present in ICL2 (Y3.60) interacts with TM6 in 2 AR (or TM3 in 1 AR and A 2a R) and disrupts the "ionic lock". This residue is not present in ICL2 of opioid receptors. There are, however, other interactions in opioid receptors which can also block signal transmission to a G protein. These interactions were identified by us in the structures of empty OR and OR based on the 2 AR template during MD simulations: the aspartic acid residue in ICL2 (D3.62) interacted with T2. 39 and, simultaneously, another interaction was formed namely that between D3.49 (from DRY motif) and Y2.42 on helix TM2 in both OR and OR. In the case of opioid receptor models based on the rhodopsin template the D3.62 residue in ICL2 did not interact with residues on transmembrane helices and loops. The "ionic lock" was closed in both models as in the inactive rhodopsin structure allowing for classical G protein signaling at subsequent activation stages.
The structures of opioid receptors based on the 2 AR template may be used in successive investigations of the initial activation steps in opioid receptors engaged in the arrestin signaling pathway. It was shown that some ligands (fentanyl for μOR [60] and U50,488 for OR [61] ) force this kind of signaling in opioid receptors. Furthermore, Rozenfeld et al. [62] reported arrestin mediated signaling by μOR-OR heterodimers. The possibility of dual signaling in opioid receptors depending on the kind of a bound ligand makes investigations of activation steps very interesting but also challenging.
CONCLUSIONS
We investigated complexes of OR and OR opioid receptors with ligands using homology modeling, simulated annealing and molecular dynamics in the membrane environment. Based on obtained results we proposed the finishing movements of the opioid receptor ligands carrying the tyramine structural motif in the binding site. All studied ligands interacted with D3.32, but whereas the antagonist's phenolic OH group tended to bind Y3.33 that of the agonist moved deeper into the receptor to interact with H6.52. Movement from Y3.33 to H6.52 induced breaking of the "3-7 lock" (the hydrogen bond D3.32-Y7.43) in the case of an agonist (butorphanol) as well as in the case of a restrained antagonist (NTX). Movement of a ligand from Y3.33 to H6.52 may be regarded as an agonist/antagonist sensor but additional theoretical and experimental investigations are required to verify this hypothesis. Validation of the observed actions of both switches, "3-7 lock" and rotamer toggle switch, followed by checking their interdependence also requires new simulations and experiments. Such investigations should certainly involve additional ligands but also appropriate mutants of opioid receptors. Mutations involving key residues Y3.33 and H6.52 (proposed as important for binding antagonists and agonists) as well as D3.32 and Y7.43 (constituting the "3-7 lock") would be needed to investigate the coupling of ligand binding modes with the action of molecular switches. However, all these effects should be carefully interpreted because of the possibility of dual signaling of opioid receptors mediated either by G protein or arrestin. 
SUPPLEMENTARY MATERIAL
Supplementary material is available on the publishers Web site along with the published article.
